tide-charged MHC-dimers. Staining was done in the
Annexin-V binding cells were seen in T cells of some specificities (e.g., NP396 and NP205) than of other speci-cold to prevent ligand-induced AICD of the T cells. Figure 1 shows Annexin-V binding of NP396-, GP33-, ficities (e.g., GP33), but T cells of each specificity demonstrated similar organ-dependent differences. Table 1 and NP205-specific CD8 T cells in various organs of mice 9 days after intraperitoneal LCMV infection. The also shows data compiled from mice 2 and 4 months after resolution of the LCMV infection to determine results show, for each LCMV epitope, a much higher reactivity with Annexin-V in the spleen and lymph nodes whether the tissue-dependent differences were maintained in the memory state. Surprisingly, there was still than in several peripheral organs, including the peritoneal cavity, lung, and fat pad. These differences could substantially more Annexin-V binding in antigen-specific T cells in the spleen and lymph nodes than in the perito-be shown by scoring the frequency of Annexin-V "ϩ" cells, depicted in the upper right hand quadrants, and neal cavity, fat pads, or lungs. Thus, the phenotype is long-lasting. The data presented in Figure 1 and Table by the less arbitrary mean fluorescent intensities (MFI) within the antigen-specific T cell populations (Figure 1 ). 1 were based on "viable" lymphocyte gates, spanning 300-700 forward scatter (FSC) units, but it should be The liver, previously described to be a graveyard for apoptotic CD8 T cells in other systems (Huang et al., noted that the dramatic tissue-related differences in Annexin-V binding T cells were still apparent even when 1994; Liu et al., 2001), had intermediate levels of Annexin-V staining. Annexin-V staining in every tissue "wide-open" gates were examined (e.g., for the NP396 ϩ cells in Figure 1B gated at FSC 200-800, spleen ϭ 59%; was higher in LCMV-specific cells than in the overall CD8 T cell population (Table 1) , and, except in the liver, PEC ϭ 7.7%). The silencing of the LCMV-induced T cell response Annexin-V staining of CD8 T cells prior to infection was quite low. Figure 3) . The GP33-transgenic T cells stained with Annexin-V at relatively high levels in the 2.4, 5.3; lpr-40, 57, 3.9, 6.9). spleen and axillary lymph node (similar data from mesenteric lymph node are not shown), but hardly at all in No Evidence for TCR-Based Affinity Maturation the peritoneal cavity, fat pads, and lung. This clearly During infections, there is an antigen-driven selection established that this organ-dependent variance in for T cells based on their affinity or avidity with MHC-Annexin-V staining was not TCR based, and it provided bearing peptide ligands (Chen et al., 2000). We therefore a mechanism to examine a TCR homogeneous populaquestioned whether the lack of Annexin-V reactivity of tion of T cells in different organs.
T cells in peripheral organs was a consequence of a TCR-based selection of T cells. CDR3 spectratype analyses were performed on antigen-specific T cells that Bona Fide Apoptosis versus Delayed Clearance
We were surprised at the high frequencies of Annexin-V had been stained with NP396 peptide-charged MHCtetramers, sorted by FACS, and analyzed for the exis-binding cells in the lymphoid organs and questioned if Annexin-V was detecting a stage in cell activation tence of dominant V␤8.1 ϩ clones in windows defined by J␤1.1, 1.2, 1.3, 1.4, 1.5, and 2.1. Figure 2 shows unrelated to apoptosis. However, immunofluorescent staining of known T cell activation markers including results from three experiments. Similar spectratypes of NP396-specific T cells purified from spleen, PEC, fat 1B11(CD43), CD44, CD69, CD122, and Ly6C showed as high or higher expression of these antigens on peripheral pad, and lung (day 9 postinfection) are shown for 6 J␤ windows in Figure 2A . A total of five experiments showed T cells (data not shown). This high frequency of Annexin-V ϩ T cells in lymphoid tissue might reflect a delayed clear-that the antigen-specific spectratypes were similar from organ to organ within individual mice. In the two experi-ance of apoptotic cells in lymphoid tissue compared to peripheral tissue. It should be noted, however, that the ments shown in Figures 2B and 2C , dominant singular J␤1.1 and 1.2 peaks of sorted NP396-specific cells from TUNEL assay, which measures cells in later stages of apoptosis undergoing DNA fragmentation, detected spleen, fat pad, and lung of individual mice were sequenced across the CDR3 region. Identical dominant very few (Ͻ6%) antigen-specific T cells in the spleen (gated as above), suggesting that the spleen clearance sequences were seen among the different organs, but the sequences of the two mice differed from each other, pathway was functioning effectively. The TUNEL assay is not useful for quantifying apopto-as would be predicted (Lin and Welsh, 1998). These experiments argue against the concept of a TCR-based sis in lymphocytes immediately ex vivo but can be reliable once cells are put into culture. We therefore questioned selection of T cells in the peripheral organs being responsible for the differences in Annexin-V staining.
whether Annexin-V ϩ splenic T cells were committed to undergo DNA fragmentation by FACS-sorting Annexin-To further establish that the organ-dependent differences in Annexin-V-reactive T cells were not functions V ϩ from Annexin-V Ϫ splenocytes, putting them into culture for 5 hr at 37ЊC and then staining them with the of T cell selection, studies were performed on LCMV GP33-specific transgenic Thy 1.2 ϩ T cells that were in-TUNEL assay to monitor DNA fragmentation. Here, day 9 LCMV-infected Thy1.1 ϩ mice implanted with Thy1.2 ϩ oculated into Thy 1.1 ϩ congenic mice and traced during an LCMV infection. LCMV induces a dramatic expansion LCMV-specific transgenic T cells were used, and trans- but not from the Annexin-V Ϫ population. This does not prove that all of the Annexin-V ϩ cells would have fragmented their DNA in vivo, but it clearly shows that they were in a preapoptotic state. Similarly, when unsorted splenocytes, PEC, or lung leukocytes were cultured for 5 hr, much higher proportions of the splenocytes were stained by TUNEL assay ( Figure 4B ). Hence, the organdependent differences were revealed by a reliable indicator of apoptosis shortly after placement in culture.
Organ-Dependent Differences in Susceptibility to AICD Spleen T cells of LCMV-infected mice become very susceptible to AICD stimulated by triggering the TCR with
anti-CD3 antibody (Razvi and Welsh, 1993) . Leukocytes from spleen, representing the lymphoid organs, and peritoneal cavity, representing the peripheral organs, were therefore placed into culture and stimulated with anti-CD3 and IL-2. Thy1.1 ϩ mice reconstituted with Thy1.2 ϩ GP33-specific transgenic T cells were used, such that the percentage of Annexin-V and TUNEL staining and the number of antigen-specific transgenic Thy1.2 ϩ T cells could be enumerated by FACS. Figure  5A shows the effect of anti-CD3 stimulation on a naive transgenic T cell population. To simulate a normal control environment, spleen leukocytes from naive TCRtransgenic Thy 1.2 ϩ mice were mixed 1:3 with spleen leukocytes from uninfected control Thy1.1 ϩ mice, and PEC from transgenic mice were mixed 1:3 with PEC from control mice. A 40 hr treatment with anti-CD3 caused little change in number (No:) in either the naive spleen or PEC populations compared to unstimulated cells and did not induce Annexin-V bright staining on either population, indicating that apoptosis was not being induced in the naive populations at this time point. The effects of a 40 hr anti-CD3 treatment were quite different in leukocyte populations taken from day 9 LCMV-infected mice ( Figure 5B ). Anti-CD3 treatment of transgenic T cells from LCMV-infected spleens caused a Ͼ80% reduction in their number in comparison to unstimulated controls, and the great proportion (Ͼ60%) of the residual cells stained with Annexin-V, indicative of high levels of AICD. In marked contrast, anti-CD3 induced a slight increase in the number of transgenic T cells from the LCMV-infected peritoneal cavity, and most of the residual cells (Ͼ60%) were defined as fore, PEC from LCMV-infected mice containing the transgenic T cells were mixed with 9-fold excess splenocytes from LCMV-infected mice not containing the genic and host T cells were monitored on gated CD8 ϩ lymphocytes. Figure 4A shows that incubation at 37ЊC transgenic T cells, and spleen cells from LCMV-infected mice containing the transgenic T cells were mixed with resulted in very high TUNEL staining of both transgenic and host T cells derived from the Annexin-V ϩ population 9-fold excess PEC from LCMV-infected mice not con- taining the transgenic T cells ( Figure 5B ). Putting the transgenic T cells were also protected from apoptosis by PEC depleted of T cells by anti-Thy1.1 and CЈ sensitive splenic T cells into the PEC environment resulted in a substantial increase (Ͼ5-fold) in their number (60%→14%). AICD of LCMV-induced T cell populations depends after anti-CD3 treatment, and few of the cells stained with Annexin-V, consistent with the concept that on Fas/FasL interactions (Lohman et al., 1996) . Here, either antibody to FasL or an isotype control was added Annexin-V reactivity is not simply a measure of T cell activation. Conversely, putting PEC T cells into the into the 40 hr AICD assays. In three experiments, 10 g/ ml anti-FasL caused an average of a 2.5 Ϯ 0.9-fold (p ϭ splenocyte environment caused a modest reduction in their number, and a high frequency of them stained with 0.03) increase in numbers of the splenic transgenic T cells and an average of 41% Ϯ 10% reduction in the Annexin-V after the anti-CD3 treatment. This pattern was seen in three separate experiments, and the trend of % of Annexin-V ϩ splenocytes (p ϭ 0.02) and a 33% Ϯ 3.8% reduction of MFI (p ϭ 0.04) (one-tailed, paired T reduced apoptosis of spleen cells in the PEC environment (57%→27%) and increased susceptibility of PEC test). A representative experiment is shown in Figure  5C . A similar experiment using the TUNEL stain in Figure T cells in the splenic environment (19%→32%) was also seen with the TUNEL stain ( Figure 5B) . Thus, the leuko-5D shows a dramatic loss in TUNEL ϩ spleen cells in the presence of anti-FasL; here, very few TUNEL ϩ cells were cyte environment influenced the sensitivity of the T cells to AICD. Additional experiments showed that spleen in the PEC. These results confirm that the AICD observed here, in contrast to the apoptosis associated with the peptide, or anti-CD3 in order to stimulate the TCR.
The differences in Fas expression between freshly isolated silencing of the T cell response in vivo, was predominately mediated by Fas/FasL interactions. spleen and PEC T cells disappeared after 5 hr in culture, possibly due to death of the Fas-bearing cells, and these expression levels were virtually identical to those of na-Factors Contributing to the Tissue-Dependent ive T cells (data not shown). However, the responses of Differences in Apoptosis
the residual T cells from the spleen and lymph node to We questioned whether there were tissue-dependent stimulation were markedly different from those from the differences in expression of genes known to regulate peripheral tissue. Stimulation of splenocytes with GP33 T cell apoptosis and first focused on the apoptotic reguor anti-CD3 but not with the control NP396 peptide lators Bcl-2 and cFLIP, thought to be upregulated in caused about a 2-to 2.5-fold enhancement in MFI for memory T cell populations (Grayson et al., 2000; Inaba Fas in spleen transgenic T cells ( Figure 6B) and axial  et al., 1999) . We tested for Bcl-2 protein expression by lymph nodes (data not shown). In the PEC (Figure 6B) 
immunofluorescence of transgenic T cells from different and lung (data not shown) transgenic T cells, this stimutissues and found no significant differences; the MFI in lation also caused an upregulation of Fas, but it was the transgenic T cells isolated from spleen, axial lymph
considerably less than that observed with the splenonode, PEC, and lung were 26, 29, 29, and 25, respeccytes ( Figure 6B ).
tively. The MFI of an IgG isotype control in each organ
In vitro stimulation with GP33 or anti-CD3 but not was Ͻ6. Because cFLIP is transcriptionally controlled,
NP396 similarly caused about a 2-fold (100%) increase we assessed its mRNA expression as part of a DNA in MFI for FasL in the transgenic T cells from the spleen microarray experiment (Inaba et al., 1999). Spleen and (Figure 6B) and lymph node (data not shown). Increases PEC transgenic T cells were sorted to at least 98% purity in MFI for FasL in transgenic T cells in the PEC (Figure in three experiments, two at day 7 and one at day 9 p.i. 6B) and lung (data not shown) were much less (about The gene expression patterns of spleen and PEC T cells 30%; this low-level increase was seen in each of three were compared using Affymetrix DNA microarray experiments). Interestingly, when spleen transgenic T cells MG_U74Av2. The experiments revealed no significant
were placed into an environment of excess PEC, as dedifferences in FLIP mRNA expression (signals at D7, D7 scribed in Figure 5, their expression of FasL decreased  and D9: spleen-328, 430, 380; PEC-271, 367, 357) . These greatly (e.g., FasL MFI in spleen ϭ 45, in PEC ϭ 14). experiments suggest that the reason for PEC T cell resis-Addition of soluble FasL enhanced the Annexin-V retance to apoptosis is not because they are more memactivity of peritoneal transgenic T cells in 5 hr assays ory-like than spleen T cells. Of the 141 apoptosis-related in the presence or absence of TCR stimulation. This genes analyzed, 82 genes had a normalized signal intenindicates that some PEC T cells could be driven into sity flagged as "present" in either the spleen or PEC in apoptosis on receipt of a strong proapoptotic stimulus at least one of three experiments. Of these 82 genes, (Figure 6C ), but even in the presence of FasL, the PEC only granzyme A had a greater than 2.2-fold different were more resistant than spleen T cells. This result is normalized signal intensity between spleen and PEC. likely influenced greatly by the reduced expression of Granzyme A expression in the spleen T cells was 6, 3.6, Fas on the PEC T cells (Figure 6B) , an interpretation and 13 times greater than in the PEC T cells (signals at supported by costaining cells with Annexin-V and anti-D7, D7 and D9: spleen-12123, 7274, 9421; PEC-2034, body to Fas, showing that cells from either the spleen 2016, 720).
or PEC could undergo apoptosis if they expressed Fas. The genechip analyses did not detect sufficiently For example, after exposure to anti-CD3 and 100 ng strong signals of Fas mRNA to analyze, but differences FasL, day 9 spleen CD8 T cells defined as Annexin-V ϩ in cell surface Fas protein expression were shown by (Ͼ200 MFI) had a Fas MFI of 233, and Annexin-V Ϫ spleen immunofluorescence staining of LCMV-specific trans-
T cells had an Fas MFI of 87; PEC CD8 T cells defined genic T cells isolated from the various tissues. Figure
as Annexin-V ϩ had a Fas MFI of 187, and Annexin-V Ϫ 6A shows immunofluorescent staining with mAb to Fas had a Fas MFI of 97. Figure 6D shows the trend of high and FasL in freshly isolated leukocyte populations. The Fas and high Annexin-V costaining in a similar experiresults indicated that antigen-specific T cells from the ment using 50 ng/ml FasL. spleen and lymph node had nearly double the MFI for Fas as those from the PEC and lung. This observation was seen in three independent experiments. The freshly Discussion isolated spleen and lymph node T cells also had slightly higher staining for FasL, a result of questionable signifi-High frequencies of antigen-specific T cells accumulate in peripheral organs during infections and remain there cance. In three experiments adding either antibody to are maintained, protective T cell immunity against a pe-TGF␤ or an isotype control antibody into 40 hr AICD ripheral viral challenge can be lost if memory T cells in assays, 10 g/ml of anti-TGF␤ caused an average of the periphery have declined in number (Hogan et al., 2001) .
Expression of FasL on activated T cells tends to be as memory cells for prolonged time periods (
10% Ϯ 5% increase in the MFI of Annexin-V splenocytes Our studies reveal additional dramatic differences be-(p ϭ 0.04) and a 37% Ϯ 11% increase in the MFI in PEC tween lymphoid and peripheral CD8 T cells and suggest (p ϭ 0.03). TGF␤ may, then, be one of perhaps several mechanisms that explain the high frequencies in the factors protecting peripheral T cells from AICD. periphery and why they may be uniquely suited for effec-
The spontaneous apoptosis during the silencing of tively engaging pathogens. First of all, a surprisingly the T cell response occurs by a different mechanism high proportion of antigen-specific T cells in the spleen than the TCR-induced AICD. Silencing of the immune and lymph nodes display a preapoptotic phenotype, as response occurs normally in mice bearing mutations in shown by Annexin-V binding, but those T cells residing Fas or FasL (Lohman et al., 1996; Razvi et al., 1995a ; in the periphery do not. We cannot be sure that all of Zimmermann et al., 1996b) , and we show here that these preapoptotic cells complete the apoptotic pro-T cells from LCMV-infected lpr and gld mice have cess in vivo, but they rapidly fragment their DNA when Annexin-V staining patterns similar to those in normal placed in culture ( Figure 4A) . Second, whereas the actiinfected mice. The heightened expression of Fas may vated T cells in the spleen undergo AICD and fail to herald other genes contributing to a proapoptotic intraproliferate on TCR ligation in vitro (Razvi and Welsh, cellular environment. Of interest, however, is that few 1993), those in the periphery have increased survival changes in apoptotic gene expression were seen from and resistance to AICD ( Figure 5 ). This resistance to freshly isolated T cells, with the exception of granzyme AICD by peripheral T cells is associated with their poor A, which was considerably higher in spleen T cells. Granexpression of the proapoptotic molecule FasL after sigzyme A is a protease thought to be involved mostly in naling through their TCR and to their low expression of T cell-dependent cytotoxicity rather than T cell apoptoits signaling receptor, Fas (Figure 6) . Given that T cell sis (Jenne and Tschopp, 1988) . Future work should deapoptosis may be influenced by FasL-expressing T cells termine what role, if any, it plays in the silencing of the in their environment (Nagata and Golstein, 1995), it is T cell response or in augmenting the sensitivity of these not surprising that susceptibility to AICD was conferred cells to AICD. on peripheral T cells placed into an environment of ex-
The tissue-dependent differences in preapoptotic cess FasL-bearing cells from lymphoid organs ( Figure  cells were not confined to a unique time period, but 5). Conversely, when spleen transgenic T cells were put occurred at 7, 9, and 12 days after acute LCMV infection into a peripheral leukocyte environment, they resisted and 2 and 4 months later in the memory state. We were apoptosis and downregulated FasL expression. surprised at the relatively high frequencies of Annexin-Immunofluorescence data also showed that lymphoid V-reactive memory T cells 2-4 months postinfection, as organ T cells expressed higher levels of Fas and FasL these frequencies are higher than that which would be than did peripheral tissue T cells, consistent with their predicted of the number of cells in cycle, as shown by enhanced sensitivity to AICD. No other tested activation BrdU studies (Zimmermann et al., 1996a) . It is interesting markers (1B11(CD43), CD44, CD69, CD122, Ly6C) were to note, however, that memory cells in lymphoid organs expressed more highly on lymphoid than peripheral are constantly undergoing homeostatic division without T cells. Of note is that we found no differences in freshly an increase in number, indicating that an apoptotic event isolated cells in expression of Bcl-2, an antiapoptotic must offset each cell division. protein reported to be expressed higher in memory than A differential propensity to apoptosis may play a role in activated LCMV-specific CD8 T cells (Grayson et al., in the overall maintenance of antigen-specific T cells in 2000). Our earlier studies had found no significant role lymphoid and nonlymphoid tissue. If effective memory for Bcl-2 in the overall silencing of the CD8 T cell response to peripheral challenge does wane with time and correin the spleen or in the sensitivity of LCMV-induced sponds with the decline in frequency in peripheral memsplenic T cells to AICD (Razvi et al., 1995a) . ory cells (Hogan et al., 2001) , then it would serve the An important question is why T cells in the peripheral host to preserve the functional integrity of such cells, tissues have different expression of Fas and FasL and to maintain their viability, and to have them respond different apoptotic properties than those in the spleen productively rather than apoptotically to antigen stimuand lymph nodes. Antigen-presenting cells delivering lation. We show here that reduced sensitivity of periphsignals to the T cells may differ in these organs, as CD8 eral T cells to apoptosis on exposure to ligand provides T cells in peripheral tissue may be stimulated mostly a mechanism for maintaining their numbers and their by parenchymal cells, macrophages, and/or immature functional integrity. dendritic cells, whereas those in the lymphoid organs may be stimulated primarily by mature dendritic cells. Immunol. 166, 3035-3041.  Ayroldi, E., Zollo, O., Cannarile, L., D'Adimo, F., Grohmann, U., Delfino, D.V., and Riccardi, C. (1998). Interleukin-6 (IL-6) 
Experimental Procedures

Expression of Fas and FasL on lymphocytes can be altered by integrins and cytokines, such as ␣1␤2 integ-
